Abstract: Bilirubin is a well-known neurotoxin in newborn infants; however, current evidence has shown that a higher serum bilirubin concentration in physiological ranges is associated with a lower risk for the development and progression of both chronic kidney disease (CKD) and cardiovascular disease (CVD) in adults. The protective mechanisms of bilirubin in CVD, CKD, and associated mortality may be ascribed to its antioxidant and anti-inflammatory properties. Bilirubin further improves insulin sensitivity, reduces low-density lipoprotein cholesterol levels and inhibits platelet activation in at-risk individuals. These effects are expected to maintain normal vascular homeostasis and thus reduce the incidence of CKD and the risks of cardiovascular complications and death. In this review, we highlight the recent advances in the biological actions of bilirubin in the pathogenesis of CVD and CKD progression, and further propose that targeting bilirubin metabolism could be a potential approach to ameliorate morbidity and mortality in CKD patients.
Introduction
Bilirubin is produced by the breakdown of heme, a component mostly derived from the hemoglobin of red blood cells or from other hemoproteins, such as myoglobin, cytochromes, and catalase. Heme oxygenase (HO), a rate-limiting enzyme in heme catabolism, cleaves heme to form biliverdin, which is subsequently converted by biliverdin reductase into bilirubin [1, 2] . Bilirubin binds to albumin in the circulation and is transported to the liver, where it is conjugated by uridine diphosphate-glucuronyl transferase 1A1 (UGT1A1) with glucuronic acid and excreted into bile mediated by multi-drug resistance protein-2 ( Figure 1 ) [3, 4] . Once entering the bile canaliculi, conjugated bilirubin is stored and mixed with the other constituents of bile in the gall bladder. When eating, the stored bile is propelled into the duodenum to facilitate chemical digestion. Figure 1 . Schematic representation of bilirubin metabolism. Heme released from senescent red blood cells can be readily oxidized by heme oxygenase to biliverdin, which is subsequently reduced to bilirubin by biliverdin reductase. Biliverdin reductase is found in all tissues under physiological conditions, but especially in reticuloendothelial macrophages of the kidney, spleen, liver and brain [5] . Bilirubin binds to albumin and is then transported to the liver, where it is conjugated by UGT1A1 with UDP-glucuronic acid to increase its solubility in water. Abbreviations: CO, carbon monoxide; NADP + , nicotinamide adenine dinucleotide phosphate; NADPH, the reduced form of NADP + ; RBCs, red blood cells; UDP, uridine diphosphate; UGT1A1; uridine diphosphate-glucuronyl transferase 1A1.
Bilirubin was generally considered as a useless metabolite, with little physiological function, and can be toxic at very high levels. Gamaleldin et al. have shown that newborns without risk factors for neurotoxicity, such as Rh incompatibility, sepsis, and lower admission weight, can tolerate bilirubin levels of 25 mg/dL or higher [6] . In the past three decades, several favorable biological properties of bilirubin, such as antioxidant, anti-inflammatory, antithrombotic, and lipid peroxidation inhibitory effects, have been demonstrated both in vivo and in vitro [7, 8] . Gilbert's syndrome is a condition of mild hyperbilirubinemia (serum bilirubin levels of 1 to 5 mg/dL) and is caused by a mutation in the gene promoter for UGT1A1, with marked impairment of bilirubin conjugation and excretion [9] . Most people with Gilbert's syndrome are asymptomatic; however, the episodes of jaundice can be triggered by a wide range of circumstances such as exercise, fasting, and intercurrent illness [10] . Recent research has shown an association of a high bilirubin level with low risks of cardiovascular disease (CVD) and death in this population [11, 12] . Furthermore, several epidemiological studies have also revealed that higher serum bilirubin concentrations in physiological ranges (1-5 mg/dL) were associated with decreased risk of hypertension, obesity, diabetes mellitus, the development and progression of chronic kidney disease (CKD), and all-cause mortality [13] [14] [15] [16] . These results indicated the imperative role of bilirubin in human physiology.
The prevalence of CKD is increasing worldwide, corresponding to an increased risk of premature death, especially from CVD. Despite progress in medical treatment over the past decades, clinical outcomes in patients with advanced CKD, particularly in those with end-stage renal disease (ESRD), are not significantly improved over time [17, 18] . Therefore, development of promising novel therapeutic approaches to extend the lifespan of these patients is needed. The Figure 1 . Schematic representation of bilirubin metabolism. Heme released from senescent red blood cells can be readily oxidized by heme oxygenase to biliverdin, which is subsequently reduced to bilirubin by biliverdin reductase. Biliverdin reductase is found in all tissues under physiological conditions, but especially in reticuloendothelial macrophages of the kidney, spleen, liver and brain [5] . Bilirubin binds to albumin and is then transported to the liver, where it is conjugated by UGT1A1 with UDP-glucuronic acid to increase its solubility in water. Abbreviations: CO, carbon monoxide; NADP + , nicotinamide adenine dinucleotide phosphate; NADPH, the reduced form of NADP + ; RBCs, red blood cells; UDP, uridine diphosphate; UGT1A1; uridine diphosphate-glucuronyl transferase 1A1.
The prevalence of CKD is increasing worldwide, corresponding to an increased risk of premature death, especially from CVD. Despite progress in medical treatment over the past decades, clinical outcomes in patients with advanced CKD, particularly in those with end-stage renal disease (ESRD), are not significantly improved over time [17, 18] . Therefore, development of promising novel therapeutic approaches to extend the lifespan of these patients is needed. The potential mechanisms of action of bilirubin in the prevention of the progression of CKD and renal transplant rejection have recently been discussed, and we refer the interested readers to these review papers for more information [19, 20] . In this review, we described the physiological characteristics of bilirubin and how these factors may influence the clinical course and outcomes of CKD (Figure 2 ). We also proposed the potential therapeutic interventions aiming to induce hyperbilirubinemia that might be employed to improve clinical outcome and survival in these patients. potential mechanisms of action of bilirubin in the prevention of the progression of CKD and renal transplant rejection have recently been discussed, and we refer the interested readers to these review papers for more information [19, 20] . In this review, we described the physiological characteristics of bilirubin and how these factors may influence the clinical course and outcomes of CKD ( Figure 2 ). We also proposed the potential therapeutic interventions aiming to induce hyperbilirubinemia that might be employed to improve clinical outcome and survival in these patients.
Figure 2.
Cardiovascular and renal effects of bilirubin. In blood vessels, bilirubin can reduce oxidative stress and increase nitric oxide levels to maintain cardiovascular homeostasis. Bilirubin can also decrease the size of atherosclerotic plaques following vascular endothelial injury, through the suppression of VSMC proliferation and migration as well as improved EPC function. In addition, there is accumulating evidence that bilirubin has an antithrombotic effect by inhibiting platelet aggregation and promoting its apoptosis. Finally, bilirubin may exert its immunomodulatory effects by interacting with both the innate and adaptive responses. These findings support a potential role for bilirubin in protecting from the development and progression of both chronic kidney disease and cardiovascular disease. Abbreviations: APC, antigen-presenting cells; CVD, cardiovascular disease; EPC, endothelial progenitor cells; GFR, glomerular filtration rate; VCAM-1, vascular cell adhesion molecule 1; VSMC, vascular smooth muscle cells.
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Antioxidant Effects of Bilirubin
Renal disease is characterized by increased oxidative stress even in the early CKD [21] . The extent of oxidative damage to biological structures is most prominent in patients with ESRD, and longer dialysis vintage is associated with further elevation of markers of oxidative stress [22] . This could be a consequence of an increase in free radical production, a decrease in antioxidant defense, or both. Persistent oxidative damage can trigger the inflammatory process, leading to accelerate renal injury with progression to ESRD and increase the risk of CVD in CKD patients. Accordingly, molecules targeting oxidative stress could be a strategy for the treatment of CKD [23] .
Bilirubin has potent antioxidant activities whether it is free or albumin-bound, and unconjugated or conjugated [24] . In 1987, Stocker et al. first reported that bilirubin, at micromolar concentrations, exhibited a powerful antioxidant that scavenged the peroxyl radicals, which is more efficient as compared to α-tocopherol. Therefore, it is regarded as a top antioxidant against lipid peroxidation [25] . Bilirubin also directly inhibited NADPH oxidase activity and suppressed In blood vessels, bilirubin can reduce oxidative stress and increase nitric oxide levels to maintain cardiovascular homeostasis. Bilirubin can also decrease the size of atherosclerotic plaques following vascular endothelial injury, through the suppression of VSMC proliferation and migration as well as improved EPC function. In addition, there is accumulating evidence that bilirubin has an antithrombotic effect by inhibiting platelet aggregation and promoting its apoptosis. Finally, bilirubin may exert its immunomodulatory effects by interacting with both the innate and adaptive responses. These findings support a potential role for bilirubin in protecting from the development and progression of both chronic kidney disease and cardiovascular disease. Abbreviations: APC, antigen-presenting cells; CVD, cardiovascular disease; EPC, endothelial progenitor cells; GFR, glomerular filtration rate; VCAM-1, vascular cell adhesion molecule 1; VSMC, vascular smooth muscle cells.
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Antioxidant Effects of Bilirubin
Bilirubin has potent antioxidant activities whether it is free or albumin-bound, and unconjugated or conjugated [24] . In 1987, Stocker et al. first reported that bilirubin, at micromolar concentrations, exhibited a powerful antioxidant that scavenged the peroxyl radicals, which is more efficient as compared to α-tocopherol. Therefore, it is regarded as a top antioxidant against lipid peroxidation [25] . Bilirubin also directly inhibited NADPH oxidase activity and suppressed superoxide generation in vascular endothelial cells and renal tubular cells [26] . Similarly, both endogenous and exogenous bilirubins have been shown to attenuate oxidative stress and renal dysfunction in animal studies. Oh et al. demonstrated that intraperitoneal administration of bilirubin markedly improved tubular injury and interstitial fibrosis via protection from oxidative stress and apoptosis in a rat model of cyclosporine nephropathy [27] . In another study, Fujii et al. demonstrated a protective effect of bilirubin against diabetic nephropathy in Gunn rats (UGT1A1-deficient hyperbilirubinemic) [28] . Streptozotocin-treated Gunn rats had less albuminuria and significantly reduced mesangial expansion accompanied by downregulation of NADPH oxidase when compared to streptozotocin-treated wild-type littermate controls [28] .
The intracellular concentration of bilirubin is relatively low, but its antioxidant activities might be amplified tremendously by the bilirubin-biliverdin redox cycle, in which bilirubin is regenerated via biliverdin reductase [7, 29] . Moreover, individuals with Gilbert's syndrome also had higher circulating levels of thiol-containing antioxidants such as reduced glutathione (GSH) compared with controls, and the level of GSH was positively correlated with the bilirubin concentration [30] . These antioxidants may operate in a complementary way to form an integrated antioxidant system in the body [31] . Therefore, elevated bilirubin in vivo increased circulating antioxidant capacity and could inhibit accumulation of oxidative stress, which may have implications for the pathogenesis of CKD and its related cardiovascular complications.
Immunomodulatory and Anti-Inflammatory Effects of Bilirubin
Chronic low-grade inflammation is prevalent in patients with CKD. The causes of inflammation in CKD are multifactorial, including increased production and inadequate removal of pro-inflammatory cytokines, uremic toxins and oxidative stress, intercurrent infections, metabolic acidosis, and the dialysis procedure [32] [33] [34] . The process of persistent inflammation can lead to the progression of kidney disease, and development of anemia, protein energy wasting, insulin resistance and cardiovascular complications among patients with CKD [35] [36] [37] . A number of novel therapeutic strategies to reduce inflammation in CKD are currently being explored; however, progress in development of new anti-inflammatory drugs is hampered by the complexity of the molecular signaling network involved in inflammation and the essential characteristics of some of these signals for cell survival [38, 39] .
Bilirubin and factors affecting its metabolism such as HO can induce various immunomodulatory effects on the immune system. HO also has a diverse range of effects on the vasculature including the reduction of free radicals, relaxation of vascular tone, inhibition of smooth muscle cell growth as well as promotion of angiogenesis [40] . Unconjugated bilirubin at a physiologic level can cause impairment of antigen presentation in macrophages through modulating the expression of surface markers, such as MHC class II molecules, B7, as well as several different types of Fc receptors [41] . The classical complement pathway is also affected by bilirubin through interfering with C1 complex-immunoglobulins interaction [42] . In addition, Keshavan et al. demonstrated that bilirubin is able to suppress inflammatory responses in vivo by preventing leukocyte infiltration into target tissues through blocking vascular cell adhesion molecule-1 (VCAM-1) signaling in endothelial cells [43] . The authors further concluded that the inhibitory effects of bilirubin on transendothelial leukocyte migration were mediated by scavenging NADPH oxidase-generated reactive oxygen species (ROS) [43] .
Apart from the innate immunity, bilirubin also has an important role in the adaptive immune system. In vitro, a decrease in mitogen-stimulated proliferation and production of proinflammatory cytokines, such as IL-2, IL-4, IL-10 and IFN-γ, has been reported in CD4 + T lymphocytes after incubation with bilirubin (50 to 150 µM) [41] . The beneficial effect of bilirubin was further confirmed in vivo by reduction of CD4 + T cells infiltration and proinflammatory cytokine expression in brain tissue when administration of bilirubin in experimental autoimmune encephalomyelitis, a rodent model of multiple sclerosis [41] . Moreover, some investigations have shown that bilirubin can induce tolerance to allografts in several animal models of allotransplantation [20] . In a mouse model of islet cell transplantation, recipients treated with bilirubin had better graft survival than vehicle-treated mice [44] . Recipient treatment with bilirubin induced expansion of Foxp3-positive regulatory T cells and suppressed expressions of proinflammatory and proapoptotic genes in the islet grafts [44] . Deetman et al. also found that circulating levels of bilirubin are inversely and independently associated with late graft failure in a cohort of kidney transplant recipients [45] . Therefore, cumulative evidence has shown that bilirubin acts as an immunomodulatory agent at concentrations higher than normal levels. Whether these important findings in the context of chronic inflammatory diseases are pertained to CKD still remains to be evaluated.
Antithrombotic Effects of Bilirubin
The risk of arterial and venous thromboembolism is increased in patients with CKD. In addition to traditional cardiovascular risk factors, both oxidative stress and inflammation can activate pathways contributing to thrombotic cardiovascular events in uremia [46, 47] . Evaluation of vascular thrombosis should be undertaken in the early stages of CKD, as the prevalence of these complications begins to rise when microalbuminuria is present [48] . Moreover, platelets also have a role in the progression of CKD. Several cytokines and growth factors released from platelets were increased in some animal models of nephritis and can effectively influence the glomerular histological changes through expansion of the mesangial extracellular matrix with subsequent glomerular sclerosis [49, 50] . However, current data on anticoagulant and antiplatelet therapy for slowing disease progression or to prevent the occurrence of vascular events in patients with CKD, particularly in those with ESRD, were conflicting or inconclusive [51] [52] [53] [54] .
Recent studies have shown that bilirubin can reduce the risk of thrombosis and CVD through direct and indirect mechanisms. As described in the previous section, the effects of bilirubin on lipid-lowering, anti-inflammatory, antioxidant, and endothelial homeostatic properties are inversely associated with CVD risk in individuals of different clinical conditions, including CKD [19] . In addition, there is accumulating evidence that bilirubin, at concentrations seen in Gilbert's syndrome, may inhibit platelet aggregation in vitro by directly altering functions of several receptors on platelet surface, such as receptors for collagen and ADP [55] . These findings were confirmed by a subsequent human study, demonstrating that expression of P-selectin on platelets after ADP stimulation was reduced in people with Gilbert's syndrome, as was platelet aggregation in the presence of collagen and arachidonic acid [56] . Moreover, NaveenKumar et al. revealed that unconjugated bilirubin induced platelet apoptosis in vitro via mitochondrial ROS-induced p38 and p53 activation in a dose-dependent manner [57] . These observations were further validated in vivo using a phenylhydrazine-induced hyperbilirubinemic rat model as well as hyperbilirubinemic human subjects, demonstrating an increase in oxidative stress and apoptotic markers in circulating platelets [57] . In conclusion, bilirubin may play an important role in regulating platelet activation, aggregation, and life span during the progress of atherosclerosis that deserve further consideration as targets for CKD patients at high risk for CV complications.
Lipid Lowering Effects of Bilirubin
CKD is associated with dyslipidemia which comprises of normal to increased low-density lipoprotein cholesterol (LDL-C) concentrations, low high-density lipoprotein cholesterol (HDL-C) levels, and elevated levels of triglycerides (TGs), and apolipoprotein B (Apo B) containing lipoproteins [58] . These abnormalities of lipid metabolism may contribute to the development and progression of CVD in patients with CKD. The results of the Study of Heart and Renal Protection (SHARP) trial have found that lowering LDL-cholesterol with simvastatin plus ezetimibe can decrease the incidence of major atherosclerotic events in patients with moderate-to-severe CKD [59] ; however, statin use does not reduce cardiovascular events in patients undergoing hemodialysis [60, 61] , nor does statin treatment confer any protection against progression of kidney disease [62] . Therefore, further research for the most appropriate management options is needed in this patient population.
A few studies have shown that relatively higher levels of bilirubin may have a beneficial effect on lipid metabolism. An inverse relationship between serum levels of bilirubin and circulating lipids, such as TGs, total cholesterol, and LDL-C was observed [63, 64] . The negative correlation is also consistent for very-low-density lipoprotein (VLDL), intermediate-density lipoprotein (IDL), Apo-B, and the Apo-B/Apo-A1 ratio, which are also significant risk factors for CVD [64] . There are several possible mechanisms contributing to these beneficial effects. Firstly, the aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor that regulates the expression of multiple target genes [65] . It was shown that bilirubin can activate the AhR signaling pathways and may thus modulate the expression of genes involved in cholesterol and lipid metabolism [66] . Secondly, bilirubin can also exert lipid-lowering effects in vitro and in vivo by directly binding to peroxisome proliferator-activated receptor α (PPARα) and increasing its transcriptional activity [67] . Using the humanized mouse model of Gilbert's syndrome polymorphism, it was further shown that the activation of PPARα by bilirubin is through reducing the phosphorylation of this nuclear receptor at serine 73 [68] . Finally, transintestinal and biliary cholesterol secretion both contribute to the disposal of excess cholesterol from the body [69] . Recent studies have suggested that elevated levels of circulating unconjugated bilirubin in Gilbert's syndrome may have a positive impact on intestinal cholesterol excretion [64] . Further basic and clinical research is needed to elucidate the complex interactions between bilirubin and lipid homeostasis that would offer novel therapeutic strategies in the management of dyslipidemia among patients with CKD.
Bilirubin and Maintenance of Vascular Integrity
The vascular endothelium is a highly differentiated cellular monolayer that forms an active barrier between the bloodstream and the underlying tissues. The endothelial cells exert a remarkable impact on vascular homeostasis via the balance between a variety of relaxing and contractile factors in response to physiological and pathological stimuli. Endothelial dysfunction in patients with CKD may result from several conditions including hypertension or dyslipidemia, as well as nontraditional risk factors such as free radicals and inflammation [70] . Dysfunction of the systemic vascular endothelium can lead to vascular remodeling, and consequently the development and progression of CVD. Moreover, renal endothelial injury and microvascular dysfunction also play a critical role in renal fibrosis and progression of CKD through parenchymal hypoxia, local inflammation, and the process of endothelial-to-mesenchymal transition (EndMT) [71, 72] . Therefore, the endothelium may represent an important therapeutic target in CKD.
Several studies have demonstrated the benefits of elevated bilirubin concentrations in the maintenance of endothelial homeostasis in general populations and patients at high risk for vascular events. Gullu et al. investigated the relationship between serum bilirubin levels and coronary endothelial function in young adults without cardiovascular risk factors [73] . They found that elevated bilirubin concentrations are associated with preserved coronary flow reserve and decreased levels of hsCRP. Elevated serum bilirubin levels were also found to be associated with decreased carotid intima-media thickness and lower plaque burden in patients with familial and nonfamilial dyslipidemia [74] . These data indicate that bilirubin can protect against coronary microvascular dysfunction and progression of atherosclerosis by reducing inflammation and improving endothelium-dependent vasodilation.
As stated before, oxidative stress is well-known for its involvement in the pathogenesis of the endothelial dysfunction and atherosclerosis [75] . In 2012, Maruhashi et al. first reported that high levels of bilirubin are associated with a significant reduction in oxidative stress biomarkers and enhanced endothelium-dependent flow-mediated vasodilation in people with Gilbert's syndrome [76] . Furthermore, a recent study has found that physiological concentrations of bilirubin could dose-dependently inhibit VCAM-1-and ICAM-1-mediated migration of monocytes across activated human endothelial cells by scavenging intracellular ROS [77] . These findings were validated in a murine model of atherosclerosis, in which it was shown that administration of bilirubin significantly prevented atherosclerotic plaque formation and reduced inflammatory cell infiltration in aortic root lesions [77] . Thus, the potent antioxidant effects of bilirubin may offer a significant protection against endothelial dysfunction and atherosclerosis in patients at risk of CVD.
Bilirubin also has a profound impact on nitric oxide (NO) homeostasis in endothelial cells [78] . NO is the most important endothelium-derived relaxing substance, which plays a critical role in the protection against the onset and progression of CVD in patients with kidney disease. The bioactivity of endothelium-derived NO is reduced by superoxide, a major ROS. The excessive production of superoxide can react with NO to form the powerful oxidant peroxynitrite (ONOO − ), which may induce extensive oxidative DNA and protein damage [79] . Decreased intracellular superoxide level under conditions of hyperbilirubinemia is therefore expected to reduce ONOO − formation and increase the local NO bioavailability [8] . In addition, bilirubin can preserve local concentrations of NO via direct scavenging activity of ONOO − [80] .
Endothelial dysfunction in response to inflammatory processes and oxidative stress could induce vascular smooth muscle cell (VSMC) migration and proliferation [81] . Aberrant proliferation and migration of VSMC to the intima have been closely linked to the development and progression of atherosclerotic CVD [82] . Ollinger et al. firstly revealed that neointima formation was significantly reduced following carotid artery balloon injury in Gunn rats than in controls [83] . Using the same experimental model of vascular damage, Peyton et al. also found that local perivascular administration of bilirubin could attenuate neointima hyperplasia in wild-type rats [84] . These authors further reported that bilirubin exerted a dose-dependent anti-proliferative activity on VSMCs in vitro [84] . Bilirubin induced cell cycle arrest in the G0/G1 phase, which was mediated through inhibition of the mitogen-activated protein kinase (MAPK) signaling pathway and reduced phosphorylation of retinoblastoma protein [83] . Moreover, bilirubin also induces Ca 2+ influx and calpain II activation that leads to increased proteolytic cleavage of YY1, an important transcription factor that regulates cell cycle progression in VSMCs [85] .
Endothelial progenitor cells (EPCs) contribute to endothelial repair and angiogenesis after vascular injury [86] . Altered function and decreased number of circulating EPCs in patients with CKD have been well established and are recognized as key factors involved in the pathogenesis of endothelial dysfunction and CV complications [87] . A recent study by Jabarpour et al. found that circulating EPCs from infants with hyperbilirubinemia exhibited greater proliferative and migratory capacity as compared with EPCs from those with normal bilirubin levels [88] . Additionally, conditioned medium from EPCs isolated from hyperbilirubinemic infants could significantly increase levels of VEGF, IL-10, and p-ERK/ERK in the wound tissues and improve wound healing in the experimental animals [88] . Using in vitro functional assays and an in vivo murine hind-limb ischemia model, Ikeda et al. further demonstrated that bilirubin may directly promote angiogenesis through activation of Akt/eNOS signaling in endothelial cells [89] .
The abovementioned studies extend the understanding of the role of bilirubin in the regulation of endothelial integrity; however, it remains to be validated whether elevated serum bilirubin levels, within the physiological range, can improve endothelial function and thus reduce cardiovascular morbidity and mortality in individuals with CKD.
Other Aspects of the Protective Action of Bilirubin
There are many other possible mechanisms how bilirubin might exert its protective action in patients with CKD, including the beneficial role of bilirubin on blood pressure [19] , its antifibrotic effects [90] , and the potential anti-obesity and anti-diabetic effects via improving insulin sensitivity and glucose homeostasis [91] [92] [93] . In addition to the above-mentioned intracellular mechanisms, bilirubin may inhibit the phosphorylation of several types of protein kinases, such as protein kinase C and MAPK cascades, leading to the modulation of intracellular signaling pathways in VSMCs [83] . Bilirubin is also a potent inducer of apoptosis with antiproliferative activity by promoting the expression of p53 in injured blood vessels, indicating the importance of bilirubin on the cell cycle [84] . While oxidative stress and inflammation are main determinants of CKD progression, nuclear factor erythroid-2-related factor-2 (Nrf2) confers protection against kidney damage by inducing antioxidant and detoxification responses to oxidative stress [94] . Recent studies have demonstrated that bilirubin is a potential endogenous compound that activate Nrf2 pathway under conditions of oxidative stress [95, 96] .
CKD is characterized by immune dysregulation, inflammatory activation, and metabolic and nutritional disturbances, which are all linked to dysbiotic gut microbiota [97] . As mentioned earlier, conjugated bilirubin is excreted in the bile and converted by intestinal microbiota to urobilinogens [98] . Urobilinogen is further processed to produce stercobilin, which gives feces their brown color, or reabsorbed from the gut. It is unknown whether lower serum levels of bilirubin in patients with CKD are due to changes in the gut microbial composition. Further investigation is needed to understand this process in humans and experimental animals.
Role of Bilirubin in Cardioprotection in CKD Patients at Risk of CVD
Evidence Supporting the Beneficial Effects of Bilirubin on CVD
Apart from the above experimental studies, clinical research also found a similar relationship existed between bilirubin levels and the risk of incident CKD, progression of CKD to ESRD and CVD mortality. In a prospective cohort study, 2784 Japanese subjects without CKD at baseline, defined as estimated glomerular filtration rate (eGFR) <60 mL/min/1.73 m 2 , were followed up for incidence of CKD over a period of 7.7 years [14] . There were 601 incident cases of CKD during this period. Results indicated that low serum total bilirubin concentration could be a predictor for the development of CKD after adjustment for the known risk factors. Serum bilirubin levels were also associated with the progression of kidney disease in patients with established CKD. A prospective cohort study of 279 people with stages 3-5 CKD and median follow-up period of 21 months demonstrated that the risk of poor renal outcome for each 0.1 mg/dL increase in bilirubin level was significantly reduced (hazard ratio (HR), 0.73; 95% confidence interval (CI), 0.60-0.87) after accounting for other potential confounders [99] .
There are different causes of CKD, the most common being type 2 diabetes. Of the adult individuals with type 2 diabetes, the overall prevalence of nephropathy ranged from 34.5% to 42.3% [100] . Kidney involvement increases morbidity and mortality in this group of patients. Although several studies have demonstrated the association between circulating bilirubin and type 2 diabetes, the exact nature of the relationship remains unclear [101, 102] . In a Mendelian randomization study, Abbasi et al. first reported a potential causal association between elevated total bilirubin levels and decreased risk of type 2 diabetes that is likely free of potential confounders [13] . Further studies are warranted to confirm this finding. Serum bilirubin level also has a significant impact on the onset and progression of diabetic nephropathy. In patients with type 2 diabetes and normoalbuminuria, Okada et al. reported a lower serum bilirubin level to be a risk factor for the development of albuminuria [103] . Moreover, Riphagen et al. found an independent inverse association of bilirubin levels with progression of diabetic nephropathy in a post hoc analysis from the RENAAL study and Irbesartan Diabetic Nephropathy Trial (IDNT) [104] .
CVD is the leading cause of death among patients with ESRD. The association between serum bilirubin and long-term outcomes has been studied in our previous research involving 661 chronic hemodialysis patients followed up over a period of 12 years [105] . After adjusting for potential confounders, individuals with bilirubin in the upper versus the lower tertile had hazard ratios of 0.32 (0.21 to 0.48) for cardiovascular events (CVEs), and 0.48 (0.34 to 0.67) for all-cause mortality. Moreover, each 0.1 mg/dL increase in serum bilirubin decreased CVEs and all-cause mortality by 9% and 10%, respectively. In another cross-sectional study, Fukui and colleagues also found that a high serum bilirubin concentration is associated with lower incidence of CVEs among diabetic patients undergoing hemodialysis (odds ratio (OR), 0.192; 95% CI, 0.037-0.989; P = 0.0484) [106] . These potential benefits of bilirubin seen in ESRD patients under hemodialysis may be ascribed to its lipid-lowering and anti-inflammatory activity [107] .
Recently, several studies have been conducted to determine the impact of bilirubin on longevity. Zelenka et al. demonstrated that bilirubin potentially reduces both mitochondrial and cytosolic ROS levels in a dose-dependent manner in human embryonic kidney cells and rat primary fibroblasts [108] . This effect is associated with decreased visceral fat deposition, inflammatory status, markers of cellular senescence, and mitochondrial dysfunction in aged hyperbilirubinemic Gunn rats. Tosevska et al. also showed that individuals with Gilbert's syndrome have significantly longer telomeres compared with matched healthy controls [109] . This difference appears to be more pronounced with age, suggesting a slower telomere shortening rate in people chronically exposed to high levels of bilirubin. Finally, Chmielewski et al. revealed a statistically significant trend toward higher levels of bilirubin in men who had the highest age at death, which suggests that hyperbilirubinemia is associated with longer life span among older men [110] . However, the beneficial effect of bilirubin on longevity is not observed in older women. Therefore, further studies are needed to elucidate the underlying mechanisms of the relationship between serum bilirubin concentrations and longevity in the elderly of both genders.
Negative or Inconclusive Results
Although most clinical research has suggested a beneficial effect of bilirubin in the prevention of kidney disease and CVD, however, there are several investigations indicating a negative association between bilirubin and clinical outcomes. Wang et al. reported a significant inverse association between bilirubin levels and progression of CKD in never smokers, but not in ever smokers [111] . One limitation of this study is that the smoking status was not assessed in the follow-up periods. An assessment in continually smoking status is recommended for a better estimate of its effect. Su et al. conducted a retrospective nationwide cohort study that included 47,650 hemodialysis patients, using the Taiwan Renal Registry Data System (TWRDS) database from 2005 to 2012 [112] . These data indicated that total bilirubin is an independent risk factor of all-cause mortality for patients undergoing long-term hemodialysis. Nonetheless, the ratio between conjugated and unconjugated bilirubin was not determined in this study. Therefore, it is hard to know whether an elevated bilirubin in this study is caused by liver disease, hemolytic anemia or a benign condition such as Gilbert's syndrome [112] .
In addition to CKD, oxidative stress also plays an important role in acute kidney injury (AKI) [113] . Several kidney-specific biomarkers have been tested to improve early and accurate detection of AKI in clinical practice [114] [115] [116] . Although bilirubin has antioxidant and anti-inflammatory activity, the nature of the relationship between serum bilirubin and AKI is unclear. van Slambrouck et al. conducted a clinicopathologic study of 44 jaundiced patients at the University of Chicago [117] . The authors found that AKI is common in patients with severe liver dysfunction, such as liver cirrhosis. Moreover, patients with higher levels of serum total bilirubin have a greater risk of AKI compared to those who have lower bilirubin concentrations (26.2 vs. 15.1 mg/dL, P = 0.001). Renal histology from these patients showed marked tubular injury with epithelial cell necrosis, loss of brush border, and extensive bile cast formation in tubules. The association between higher bilirubin levels and the development of AKI in liver cirrhosis might be partially explained by direct cytotoxicity and tubular obstruction mediated via bile casts [117, 118] . Therefore, evaluation of the impact of bilirubin on renal function must be accompanied by an assessment of liver function to avoid confounding by ill health.
Other negative or inconclusive results of bilirubin on study endpoints were observed mainly in patients with multiple comorbidities such as hemorrheological disorders, infectious diseases, and decompensated heart failure, which confound the effect of bilirubin on prognosis and should be interpreted with caution [19] .
Gene Polymorphisms Involved in Bilirubin Metabolism and Their Relationship with CKD Progression and Cardiovascular Mortality-Focused on UGT1A1 and HMOX1 Gene Polymorphisms
Growing literature has shown that serum levels of bilirubin are highly heritable in humans. [119] . The genetic factors under investigation include genetic defects affecting the lifespan of red blood cells as well as polymorphisms involved in bilirubin metabolism, such as HMOX1, SLCO1B1 (solute carrier organic anion transporter family member 1B1), and UGT1A1 genes [120] . The role of these genetic modifiers on clinical outcomes in CKD patients at higher risk for cardiovascular complications has become a favorite topic of analysis in the field of translational research [105, 121, 122] . The UGT1A1 and HMOX1 polymorphisms have been widely studied during the past few years.
In humans, a (GT) n dinucleotide repeat in the HMOX1 gene promoter shows length polymorphism and could modulate the level of gene expression [123] . The long polymorphism (L allele), defined as the number of repeats greater than 25 to 27 in this promoter sequence, is associated with a decrease in HO-1 protein expression and enzyme activity, and therefore reduces the formation of bilirubin, which may elevate the risk of CKD, progression of kidney disease, and cardiovascular mortality [124] . We have previously reported a 10.2-year follow-up in a cohort of 386 patients with coronary artery disease for the potential detrimental effects of the L allele on serum bilirubin levels and renal function decline [125] . Baseline serum bilirubin level was significantly lower in patients with L/L genotype compared to those homozygous for the S allele. At the end of study, individuals with the L/L genotype had a greater risk of developing renal endpoints (doubling of serum creatinine and/or ESRD requiring dialysis), CVEs, and mortality than carriers of the short (S) allele. In another study, we analyzed whether the length polymorphism of the (GT) n in the HMOX1 promoter was an independent predictor of CVEs and all-cause mortality in 1080 chronic hemodialysis patients [122] . The patients with the L/L genotype had significantly higher baseline levels of high-sensitivity C-reactive protein and malondialdehyde than those with the S/S or S/L genotypes. After multivariate adjustment, the homozygous L/L patients had a significantly higher risk for death and cardiovascular complications than the S allele carriers. The associations between HMOX1 promoter polymorphisms and clinical outcomes were also observed among patients with other forms of kidney disease, such as renal transplantation, diabetic kidney disease and sickle cell nephropathy [125] [126] [127] .
Of the genes implicated in bilirubin metabolism, UGT1A1 has been the most widely studied because of its essential role to catalyze bilirubin glucuronidation that contributes substantially to bilirubin elimination in humans. A common cause of defective UGT1A1 enzyme activity results from a TA insertion in the TATAA box in the promoter region of the UGT1A1 gene, resulting in a (TA) 7 TAA allele (UGT1A1*28) instead of the normal (TA) 6 TAA allele [128] . Persons with homozygous for UGT1A1*28 (7/7) had lower UGT1A1 enzyme activity and subsequent higher levels of serum bilirubin than individuals who are heterozygotes (6/7) or those homozygous for the wild-type allele (6/6) [129] . To date, many studies have investigated the association of the UGT1A1*28 polymorphism with CVD in different clinical settings [78] . However, some research examining this association has shown inconsistent results [130, 131] . We have explored the association between the UGT1A1*28 allele and serum bilirubin and the effect of this genetic variant on adverse outcomes in a cohort of long-term hemodialysis patients [105] . In a median follow-up of 54 months, patients of homozygous for UGT1A1*28 had significantly higher bilirubin concentrations than those with 6/7 and 6/6 genotypes. Moreover, individuals with the 7/7 genotype had only one-tenth the risk for CVD and one-fourth the risk for all-cause mortality as the carriers of the wild-type allele. Further studies are needed to establish a definite causal relationship among UGT1A1 gene polymorphisms, bilirubin levels and CVEs in patients with CKD.
Interventions to Modulate Bilirubin Levels as a New Therapeutic Strategy for Patients with CKD and CVD
The potential protective effect of bilirubin could make it a valuable strategy for pharmacologic intervention to prevent the development, progression, and cardiovascular complications of CKD.
Dekker et al. demonstrated that it is feasible to prepare and apply albumin-bound bilirubin for parenteral human use under Good Manufacturing Practice (GMP) standards [132] . Following a single bolus infusion, it appeared to be safe to parenterally administer bilirubin up to plasma concentrations of 86 µM (5.03 mg/dL) during the 2-week observation period. Exploratory pharmacokinetic data had also suggested that there was a predictable dose-concentration relationship for this formulation of bilirubin solutions. This study may open the gate to the therapeutic use of bilirubin for future clinical and translational research.
Systemic elevation of bilirubin can be achieved by induction of HO, the enzyme involved in the key step of bilirubin formation [1] . Several natural and synthetic compounds have been shown to possess antioxidant and anti-inflammatory activities through the induction of HO protein expression and HO activity, such as statins, aspirin and curcumin [133] . A recent study reported that direct intraperitoneal administration of bilirubin, as well as induction of HO-1 by hemin, augmented endothelium-dependent relaxations and increased phosphorylation of Akt and eNOS in db/db mouse aortas [134] . The vasoprotective effect of hemin but not bilirubin was inhibited by silencing biliverdin reductase expression. These results indicated that HO-1-induced preservation of endothelial function is most likely mediated by bilirubin.
There are two isoforms of biliverdin reductase, biliverdin reductase A (BLVRA), the major isoenzyme present in adult tissues, and biliverdin reductase B (BLVRB), expressed predominantly in the developing fetal liver [135] . In addition to its reductase activity, BLVRA also has other unique domains which allow it to interact with different signal transduction pathways, such as MAPK, protein kinase C, and insulin receptor kinase (IRK) [136] . Several studies have demonstrated that the C-terminal peptide of the human BLVRA protein, KYCCSRK, can enhance IRK activity and improve glucose uptake in several types of cells, and in wild-type and diabetic Ob/Ob mice [137] . Recent evidence suggests that BLVRA might have relevant pathophysiological implications in both heart and kidney disease [138] . Therefore, further investigations are required to determine the potential for the development of BLVRA based peptides for the treatment of CKD and CVD.
Inhibition of UGT1A1-mediated bilirubin glucuronidation is another strategy to increase serum levels of unconjugated bilirubin. Drugs known to inhibit UGT1A1 include atazanavir, gemfibrozil and probenecid [139] . In fact, LaFleur et al. found that atazanavir-containing regimens were associated with a significantly lower risk for both myocardial infarction and stroke in treatment-naïve patients with HIV infection compared with non-atazanavir-containing regimens [140] . Moreover, atazanavir has also been demonstrated to improve endothelial function in patients with type 2 diabetes mellitus, possibly due to its effects on serum bilirubin levels [141] . However, UGT1A1 inhibition may not only bring risks of drug-drug interactions, but also result in drug-induced liver injury [142] . These may cause drug-related side effects, which can lead to serious adverse events if not promptly identified.
Conclusions
In conclusion, animal experiments and clinical observations have provided some compelling evidence to support a role for bilirubin in protecting from the development and progression of both CKD and CVD. Multiple mechanisms are proposed to explain the beneficial effect of bilirubin in CKD patients at high risk of atherosclerotic disease, including antioxidant, anti-inflammatory and endothelium-protective effects, indicating that it could serve as a potentially therapeutic target for slowing the progression of CKD and CVD. While direct administration of bilirubin has been evaluated with some success in several animal experiments for a variety of diseases, such as obesity [91] , diabetes mellitus [134] and acute myocardial injury [143] , the use of bilirubin in humans requires additional preclinical studies. Moreover, recent investigations have also found mild hyperbilirubinemia that can be induced by either enhancement of HO activity or partial inhibition of UGT1A1, which has therapeutic potential for delaying CKD progression and improving cardiovascular outcomes in this patient population. 
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